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Abstract: The Future of Energy is focused on the consolidation of new energy technologies. Among
them, Fuel Cells (FCs) are on the Energy Agenda due to their potential to reduce the demand for
fossil fuel and greenhouse gas emissions, their higher efficiency (as fuel cells do not use combustion,
their efficiency is not linked to their maximum operating temperature) and simplicity and absence of
moving parts. Additionally, low-power FCs have been identified as the target technology to replace
conventional batteries in portable applications, which can have recreational, professional, and military
purposes. More recently, low-power FCs have also been identified as an alternative to conventional
batteries for medical devices and have been used in the medical field both in implantable devices
and as micro-power sources. The most used power supply for implantable medical devices (IMD) is
lithium batteries. However, despite its higher lifetime, this is far from enough to meet the patient’s
needs since these batteries are replaced through surgeries. Based on the close synergetic connection
between humans and microorganisms, microbial fuel cells (MFCs) were targeted as the replacement
technology for batteries in IMD since they can convert the chemical energy from molecules presented
in a living organism into electrical energy. Therefore, MFCs offer the following advantages over
lithium batteries: they do not need to be replaced, avoiding subjecting IMD users to different surgeries
and decreasing medical costs; they do not need external recharging as they operate as long as the fuel
is supplied, by the body fluids; they are a more environmentally friendly technology, decreasing the
carbon dioxide and other greenhouse gases emissions resulting from the utilization of fossil fuels and
the dependency on fossil fuels and common batteries. However, they are complex systems involving
electrochemical reactions, mass and charge transfer, and microorganisms, which affect their power
outputs. Additionally, to achieve the desired levels of energy density needed for real applications, an
MFC system must overcome some challenges, such as high costs and low power outputs and lifetime.

Keywords: microbial fuel cells (MFCs); implantable medical devices (IMD); challenges; microscale;
power output

1. Background

A medical device is considered implantable if it is partly or totally introduced into
the human body, rebuilding its functions towards a better quality of life and/or increasing
the longevity of its users. Implanted medical devices (IMD) are devices intended to aid or
deliver the functions of malfunctioning organs, such as pacemakers, cochlear implants, drug
pumps, blood counters, and blood glucose meters. As they maintain the health and the life
quality of their users, they are a powerful weapon in healthcare. It was reported that 8–10%
of the American population and 5–6% of people in industrialized countries have IMD [1].
According to the American Stroke Association, 60,000 pacemakers are implanted each year
in the United States [2] and the European Society of Cardiology revealed that only in 2016,
590 pacemakers were implanted per million of the population [3]. Additionally, as the
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population and its life expectancy average age continue increasing, maintaining the health
and quality of life of this aging population presents new demands for healthcare services.

The common feature among the different IMD is that they require a stable and efficient
power supply, with energy consumption at a level of micro to milliwatt, depending on the
size and location of the IMD. For example, the power requirements for a pacemaker are
between 30 µW to 100 µW, for a drug pump, 100 µW to 2 mW, and for a cochlear implant
5 mW to 10 mW [4]. Additionally, due to their running time and the locality where they are
used, they should have a long-running lifetime, a low self-discharging rate, high reliability,
and biocompatibility with the human body. Currently, the most used power supply for
IMD is lithium batteries due to their high energy densities and safe performance. However,
although its lifetime is up to 10 years, this is far from enough to meet the patient’s needs
since IMD are replaced through surgeries. This process subjects the patients to different
surgeries, causing great pain and leading to high medical costs. Furthermore, its potential
toxicity and size limit its application in IMD. The volume occupied by a battery in an
implantable pacemaker is 75% of the whole pacemaker, and as the power requirements
of the IMD increase, the battery volume also increases, leading to a system medically
unacceptable [5]. Therefore, finding a way to provide energy for IMD in a highly safe,
efficient, and continuous way is mandatory, as the technologies currently used to power
them have a lower lifetime. As a result, the IMD has to be replaced with some frequency
through different surgeries; for example, the pacemakers have to be replaced due to battery
problems within 5–8 years. Knowing that the human body contains or releases many forms
of energy, such as heat, the chemical energy of organic molecules, and physical forms of
energy, such as breathing and motion, using devices that can convert these physical and
chemical energies into electrical energy can be the solution to IMDs [4–7].

Low-power fuel cells (LpFCs) are on the Energy Agenda due to their potential to
replace conventional batteries in small applications, either for recreational, professional
or medical purposes [8,9]. Among them, biological fuel cells (BFCs), which can produce
electrical energy using glucose and oxygen, which are abundant in the blood, exhibit a
power output on the milliwatt level, mild operation conditions, simple structure, excellent
biocompatibility and long lifetime are suitable to power the majority of the IMDs. Therefore,
using these systems to power IMDs will largely reduce the medical costs and the surgeries
needed to replace the batteries, increasing the life quality of the IMDs users [4–7,9–15]. Cur-
rent research on BFCs used in IMDs is mainly concentrated on employing microorganisms
to oxidize the fuel substrates (MFCs) or enzymes (enzymatic fuel cells, EFCs) [4–7,9–15].
EFCs employ enzymes as catalysts showing excellent compatibility and considerable power
but suffer from the short duration of the enzyme and incomplete oxidation of the substrate,
leading to low conversion efficiency and rapid degradation of the cell performance [16].

There are different reviews in the literature regarding the BFCs systems and their
application in IMDs that can be very useful to those who want to go deeper in understand-
ing and further developing this technology [4–7,9–16]. This work is focused on the MFCs
technology and its main challenges, stressing its great potential for application in IMDs.

2. Microbial Fuel Cells for IMDs

Microbial fuel cells (MFCs) have been studied and developed to produce electricity
from organic matter using microorganisms as biocatalysts since 1911 (Figure 1), being
Michael Cresse Potter the first to perform work on this subject [17]. Potter discovered that
electrical energy was produced when Escherichia coli species degraded organic compounds.

Microbial fuel cells are similar to any other type of fuel cell, having two electrodes
(anode and cathode) usually separated by a proton exchange membrane (PEM). The
main difference is that they use organic substrates as fuels and electrochemically active
microorganisms as a catalyst to produce electricity.
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Figure 1. Schematic representation of a microbial fuel cell.

Considering the close symbiotic relationship between humans and microorganisms,
MFCs emerge as a continuous, long-life, and safe power source for IMD, as they are able to
convert the chemical energy from molecules presented in a living organism into electrical
energy at temperatures close to the body temperature, avoiding additional procedures,
such as enzyme separation and purification, and the reproduction of the bacterial cells
leads to a biocatalyst regeneration offering a long-term stability and fuel efficiency, but
suffer from low power outputs [18–20]. Therefore, the main difference between MFCs and
lithium batteries is that as the concentration of the reactants is continually re-established by
the body fluids, the MFCs do not need external recharging or replacement and, theoretically,
will operate as long as there is a constant fuel supply.

Microbial fuel cells were the first FC applied in the medical field and are a more
attractive and promising technology for IMD since the abundant availability of different
substrates, such as glucose and oxygen in the blood, allows continuous production of elec-
tricity [21–25]. Based on that, microscale MFCs (microMFCs) have gained much attention
over the past decade [26–31], but their relatively low power density and durability, and
higher costs still remain the main bottlenecks for their practical application [26–28].

Sun et al. [21] used human white blood cells at the anode side of a microbial fuel
cell to study the ability of these systems to power neural implants. The cathode was fed
with ferricyanide in a phosphate-buffered saline solution. The results show that despite
the lower currents achieved, the MFC could be able to power neural implants. Chiao
et al. [22] produced a US patent for a miniaturized microbial fuel cell that produces energy
from glucose or other metabolite(s) from the body fluids, allowing a long-term power
source for IMDs. Were used microfabrication techniques to reduce the cell size and costs
and electrodes that favour the electron transport and power production. Siu and Mu [23]
developed a microfabricated polydimethylsiloxane (PDMS) microbial fuel cell (MFC) with
micropillar electrodes to increase energy production. This cell is characterized by a flexible
and biocompatible structure towards its use in the body to power IMDs. The results showed
that using a single droplet of human plasma of 15-µL, containing 4.2 mM blood glucose,
the cell produced a maximum power density of 401.2 nW/cm2. When operated for 60 min,
the cell showed an average power density of 42.4 nW/cm2 and a coulombic efficiency
between 9% and 14.7%. Han et al. [24] developed an MFC inoculated with simulated
intestinal fluid to be implantable in the transverse colon. The environmental features of
the transverse colon were simulated, adjusting the dissolved oxygen and the pH. The cell
allowed a stable power output after two months of operation with a maximum power
density of 73.3 mW/m2. Further studies on the internal cell resistance and power density
showed that the MFC could generate a power output between 7 mW to 10 mW according
to the size of the intestinal surface area, which is enough to power an IMD. Dong et al. [25]
also developed an MFC to be implemented in the human transverse colon, considering the
colon environment. The cell proposed was a single-chamber MFC without a membrane,
which allowed a stable operation, but the parameters of the simulated colonic environment,
such as the pH and the oxidation-reduction potential, changed with the operation time.
Therefore, the maximum power output achieved, 1.6 mW, was not enough for some IMDs.
Mardanpour and Yahmaei [29] proposed a microfluidic microbial fuel cell with a nickel
electrode to promote biofilm growth, improving the power output, and reducing the
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electrode costs, using Escherichia coli, a non-photogenic species usually found in the lower
intestine, as biocatalyst. It studied the viability of using the proposed cell to power an
IMD using glucose and urea as substrates in respectively the human blood and urine. The
microfluidic MFC feed with glucose allows for achieving a maximum power output of
5.2 µW/cm2 and with urine 14 W/m3. Yoon et al. [30] proposed a PDMS-based membrane-
less microfluidic MFC with a parylene C coating to lower the oxygen permeability, one of
the main bottlenecks in the development of microscale MFCs and a micropillar-structured
Au electrode to reduce the internal resistance of the cell. The proposed cell achieved a
maximum power density of 182.0 ± 4.82 µA/cm2, being a promising system to power
IMDs. Mousavi et al. [31] developed a microfluidic microbial fuel cell using a nanostructure
nickel-based material as an anode electrode and Escherichia coli as a biocatalyst towards
an enhancement of the electrode surface area and an increase the cell power output. The
proposed cell achieved a maximum power output of 343 W/m3.

Towards its application in IMDs, the MFCs need to have a reduced size, simpler
design, and low weight, use non-photogenic species as biocatalysts and biofuels, such as
urine and blood, which contain organic substrates, that are used as fuel [21–25,29–31].

3. Microbial Fuel Cells for IMDs Challenges and Perspectives

As summarized, microscale MFCs have received considerable attention from the scien-
tific community owing to their application in IMDs. However, the maximum power output
achieved has not been up to the level where they can be commercialized since it is manda-
tory to achieve higher power outputs within a limited electrode surface area and restricted
size. Therefore, towards its commercialization and massive use, the microMFCsmust
overcome the following key challenges:

(1) Low power outputs

The ideal performance of an MFC depends on the electrochemical reactions occurring
between the organic matter and the final acceptor, usually oxygen. The real potential is
always lower than the ideal one due to three irreversible losses: Activation, Ohmic, and
concentration. The activation losses are dominant at low current densities and are due
to the sluggish kinetics of the electrochemical reactions occurring on both the anode and
cathode sides. Phenomena involving adsorption/desorption of reactant species, transfer of
electrons, and the nature of the electrode surface contribute to this loss. At intermediate
currents, the predominant loss is the Ohmic loss and is due to the transport resistance of
ions on the electrolyte and electrons through the electrodes. At high currents, the major loss
is concentration loss and is due to the inability to maintain the initial substrate concentration
in the bulk fluid and to mass transport limitations. To achieve a higher performance/power
output, it is mandatory to reduce these losses [18–20].

Activation losses can be reduced using microorganisms that are able to transfer elec-
trons directly to the electrode, the so-called “electricigens.” Furthermore, these species
have the ability to completely oxidize the organic substrates and develop biofilms at the
anode electrode. The biofilm matrix is composed of three essential components: water,
extracellular polymeric substances (EPS), and bacteria. The EPS immobilizes the bacterial
cells by attaching themselves permanently using cell adhesion molecules as biofilm matrix
and allowing direct electron transfer. Due to the presence of a high cell density, a greater
potential for cell-to-cell contact is possible in biofilms helping to stimulate the electron
transfer mechanism and allowing a considerable conversion capacity, and thus an enhance-
ment on the electricity production. Since the extracellular electron transfer takes place at
the anode between the electrode surface and the biofilm, the anode can be considered one
of the critical components of the microscale system. Therefore, a well-developed biofilm is
vital to obtain increased efficiencies with an MFC. Considering that the anode compartment
in microMFCs is small, this limited space may constrain the development of a suitable
biofilm. Hence, the anode electrode selection is crucial in terms of surface area and electron
transfer rate between the electrode surface and the biofilm. The anode electrode can be
fabricated using tailor-made microstructures to increase the electrode’s surface area and



Energies 2023, 16, 2647 5 of 8

provide favorable conditions for microbial growth, biofilm development, and electron
transfer. Nickel and Nickel based electrodes have been used as stable and low-cost elec-
trodes due to their high specific surface area, allowing a faster electrochemical reaction and
a higher electrochemical performance [29,31]. Gold electrodes are also used due to their
biocompatibility, high conductivity, and compatibility with conventional microfabrication
techniques [23,26,27,30]. However, these electrodes have a higher cost and a higher internal
resistance due to a high contact resistance at the interface between the microorganism and
the electrode [26,27]

The ohmic losses can be reduced by shortening the distance between the electrodes,
increasing the ionic conductivity of the electrolytes, and reducing the internal resistance
of the system, using membrane-less configurations [18–20,25,30]. These losses can also be
reduced by improving the flow pattern of the electrolyte by modifying the cell design in
order to prevent the catholyte/oxygen crossover [30].

(2) Biocompatibility

As these systems are implantable in the human body, it is mandatory to use materi-
als with higher stability and non-toxic, teratogenic, carcinogenic, nor antigenic, limiting
drastically the materials that can be used for microfabrication. These limitations should
be applied to both the material itself and its degradation products. Additionally, due to a
limited available surface area for biofilm formation and small system size, the microMFC
needs to ensure proper biofilm development and electron transfer. Therefore, fabricating
the microMFC using biocompatible materials and a high surface area to volume ratio to
lower de electrolyte resistance and electrodes with a high surface area is another significant
challenge. These electrodes not only increase the available surface area for biofilm devel-
opment but also improve the extracellular electron transfer efficiency and the diffusion
rates of metabolic by-products [27]. Bioelectrodes of conventional microMFCs are made of
Platinum, Carbon, Nickel, or Gold [23–25,29–31]. The use of platinum as an electrode leads
to high power outputs, but these electrodes are very expensive and have low durability due
to poisoning by contaminants [32]. As mentioned, microMFCs suffer from high internal
resistances, motivating the use of carbon-based materials, which provide a very small
internal resistance, as electrodes. However, due to their non-uniform structure, most of
them are not fully compatible with microfabrication being, and for this reason unsuitable
for microscale MFCs [26–28].

Polydimethylsiloxane (PDMS) is a low-cost, biocompatible, and flexible silicone-based
material with a simple fabrication method that has been used as a structural material
in microMFCs [23,30]. However, has a high oxygen permeability that may decrease the
cell efficiency. Based on that, another biocompatible material often used, which showed
improved performances due to its low oxygen permeability, is the polymethyl-methacrylate
(PMMA) [29,31].

(3) High cost

For the implementation of an MFC in the market and to be competitive with the
actual technologies, it is mandatory to decrease its costs and increase its power output and
durability. MFCs have a high capital cost, increasing the costs of the IMD, due to the use of
membranes to physically separate the anode and the cathode, and platinum catalysts, to
promote the oxygen reduction reaction, which is very expensive and have low durability.
Therefore, using electrodes with good biocompatibility, stable performance, as well as low
cost, is mandatory [23,26,27,29–31].

(4) Low durability/lifetime

Degradation is another important challenge to overcome in fuel cells technology and
is primarily due to delamination of the catalyst layer and agglomeration of the catalyst
particles, which lead to a loss of the electrochemically active surface area of the catalyst and
catalyst and membrane degradation [32]. Although the loss of efficiency is unavoidable, the
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degradation rate can be minimized through an understanding of the degradation and failure
mechanisms and through the use of more stable and higher corrosion resistance materials.

Towards its use in IMDs, a microMFC needs stable and constant reactants supply
in order to maintain the required power output. Once used in IMDs, a microMFC will
suffer from the accumulation of proteins, cells, or other biomaterials on the electrode’s
surface, blocking the access of the substrate, glucose, and the oxidant, oxygen, to the
electrode’s surface, deteriorating the cell performance. Furthermore, biofouling also affects
the membrane, decreasing the protons transfer and increasing the cell’s internal resistance,
lowering the cell performance and their long-term operation ability. As biofouling is
unavoidable, the design of a microMFC needs to consider the cumulative nature of these
materials to minimize the biofouling problems [4,5].

4. Summary

There is a need for new power supplies so the IMD can assist in such mass healthcare
applications, as the technologies currently used to power them have a lower lifetime.

MFCs are a promising sustainable technology to meet the energy needs of IMD since
the fuel and the oxidant needed for their operation can be directly harnessed from their
surroundings, offsetting the medical costs and the surgeries needed to replace/recharge
them. Additionally, these systems have higher biocompatibility and autonomy, simpler
design, and moderate operating conditions.

The electricity generation in an MFC is accomplished by microbial catabolism, electron
transfer from microbes to the anode, reduction in electron acceptors at the cathode, and
proton transfer from the anode to the cathode, and all these processes influence the MFC
performance. Towards its use in IMD, there has been a growing amount of work on
microMFCs in the last years, both on the microbiological issues and on the engineering
ones, which managed to increase its power outputs. However, they still have higher costs
and power outputs and durability below the desirable since the performance of this type of
fuel cell is affected by limitations based on irreversible reactions and processes occurring in
the cell.

As the microMFCs will be used in the human body, due to toxicity issues, it is impor-
tant to use non-pathogenic microorganisms that are able to produce and transfer electrons
directly to the anode electrode. To this end, it is crucial to use microorganisms that form
biofilms at the electrode surface for enhanced power outputs.

As the anode electrode layout has a clear effect on the biofilm formed at its surface
and consequently on the electrons transfer rate and energy production by the MFC, there is
a need for new materials and designs that favor the biofilm adhesion at the anode electrode
and promote a faster electron transfer towards an enhancement of the anode performance
and consequently the cell performance.

Among the different costs associated with this technology, the major percentage of the
total cost is the cathode catalyst due to the use of platinum, which is a noble metal and
so very expensive, to promote the oxygen reduction reaction. Therefore, the strategy is
to use more active catalysts, especially platinum-free ones, to enhance their morphology
and structure.

The second major contribution to the overall cost is related to the membrane used
to separate the anode and the cathode. Therefore, it is important to use materials with
an increased proton transfer from the anode to the cathode while minimizing the risks of
unwanted species transfer from the cathode to the anode, with lower costs.

As the loss of efficiency and biofouling during the long-term operation are unavoidable,
the design of the cell needs to consider the cumulative nature of proteins, cells, or other
biomaterials, and it is mandatory to use more stable materials with higher durability.
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